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OBJECTIVE — Obesity is characterized by chronic oxidative 
stress. Fibroblast growth factor 21 (FGF21) has recently been 
identified as a novel hormone that regulates metabolism. NFE2- 
related factor 2 (Nrf2) is a transcription factor that orchestrates 
the expression of a battery of antioxidant and detoxification 
genes under both basal and stress conditions. The current study 
investigated the role of Nrf2 in a mouse model of long-term high- 
fat diet (HFD)-induced obesity and characterized its crosstalk to 
FGF21 in this process. 

RESEARCH DESIGN AND METHODS— Wild-type (WT) and 
NrS knockout (NrS-KO) mice were fed an HFD for 180 days. 
During this period, food consumption and body weights were 
measured. Glucose metabolism was assessed by an intraperito- 
neal glucose tolerance test and intraperitoneal insulin tolerance 
test. Total RNA was prepared from liver and adipose tissue and 
was used for quantitative real-time RT-PCR. Fasting plasma was 
collected and analyzed for blood chemistries. The ST-2 cell line 
was used for transfection studies. 

RESULTS— Nrf2-KO mice were partially protected from HFD- 
induced obesity and developed a less insulin-resistant phenotype. 
Importantly, Nrf2-KO mice had higher plasma FGF21 levels and 
higher FGF21 mRNA levels in liver and white adipose tissue than 
WT mice. Thus, the altered metabolic phenotype of Nrf2-KO mice 
under HFD was associated with higher expression and abun- 
dance of FGF21. Consistently, the overexpression of Nrf2 in ST-2 
cells resulted in decreased FGF21 mRNA levels as well as in 
suppressed activity of a FGF21 promoter lucif erase reporter. 

CONCLUSIONS— The identification of Nrf2 as a novel regulator 
of FGF21 expands our understanding of the crosstalk between 
metabolism and stress defense. Diabetes 60:2465-2473, 2011 




Fibroblast growth factor 21 (FGF21) belongs to the 
family of atypical FGFs that lack the conventional 
heparin-binding domain (1,2) and can thus diffuse 
away from their tissues of origin to function as 
hormones. FGF21 is abundantly expressed in liver, pan- 
creas, and white adipose tissue (WAT) (3,4). It signals 
through cell-surface complexes of FGF receptors with the 
transmembrane protein (3-Klotho (5-8). In contrast to the 
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broadly expressed FGF receptors, (3-Klotho is expressed in 
a limited set of tissues that include liver, WAT, pancreas, 
and testes, thus probably directing FGF21 activity to these 
target organs (8,9). 

Pharmacological studies have shown that FGF21 has 
broad metabolic actions in obese rodents and primates (rev. 
in 10). Transgenic mice overexpressing FGF21 in liver had 
improved insulin sensitivity and glucose clearance and re- 
duced plasma triglyceride concentrations and were re- 
sistant to weight gain when fed a high-fat diet (HFD) (11). 
Similar effects were observed in obese insulin-resistant 
ob/ob or db/db mice or in Zucker diabetic fatty rats after 
administration of recombinant FGF21 (11,12). Administra- 
tion of FGF21 to HFD-induced obese mice increased fat 
utilization and energy expenditure and reduced plasma 
glucose, insulin, and lipid concentrations, as well as he- 
patic triglyceride concentrations (11-13). FGF21 also 
improved hepatic and peripheral insulin sensitivity in both 
lean and HFD-induced obese mice (12). In diabetic rhesus 
monkeys, FGF21 caused significant decreases in fasting 
plasma glucose, insulin, and triglycerides, while also low- 
ering LDL cholesterol, increasing HDL cholesterol, and 
causing modest weight loss (14). 

Because of its beneficial effects on carbohydrate and 
lipid metabolism, FGF21 is a candidate for the treatment of 
type 2 diabetes and the metabolic syndrome (10,15). How- 
ever, not enough is known about the regulation of endoge- 
nous FGF21 in metabolic disease. Elucidating the factors 
that control FGF21 expression and activity in lean and 
obese states could lead to new therapeutic strategies. 

The vertebrate transcription factor NFE2-related factor 2 
(Nrf2) is a member of the cap'n'collar family that has 
emerged as a master regulator of the cell's redox status and 
detoxification responses (16-19). The Nrf2 system mediates 
both the regulation of baseline antioxidant capacity and the 
stress response during acute oxidative challenges. In mice 
and human cultured cells, dozens of protective genes 
are induced in response to oxidative and electrophilic 
chemical challenges in an Nrf2-dependent manner (rev. in 
20). Stress-activated Nrf2 upregulates the transcription of 
its target genes by binding to antioxidant response element 
sequences in their cognate promoters (21). In addition to its 
ubiquitous antioxidant and detoxification target genes, Nrf2 
also has groups of tissue-specific targets. In the liver, the 
majority of these genes encode proteins specific to the 
synthesis and metabolism of fatty acids and other lipids 
(22,23). Interestingly, these metabolic genes are primarily 
repressed — rather than induced — by Nrf2 via mechanisms 
that are unknown. 

An abundance of studies have documented broad pro- 
tective functions of Nrf2 against numerous disorders 
caused or aggravated by oxidative stress. This result is 
evident in Nrf2 knockout (Nrf2-KO) mice as increased 
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incidence of cancer, pulmonary disease, and inflammatory 
conditions and markedly increased sensitivity to environ- 
mental toxicants, inhaled irritants, and chemical carci- 
nogens (rev. in 18-21). Beyond acute transient stress 
responses to oxidative insults, Nrf2 was recently shown to 
have important functions in long-term adaptations to 
metabolic conditions, such as the response to calorie re- 
striction, as well as the control of lipid metabolism under 
both normal diets and HFDs (rev. in 24). The genetic or 
pharmacological activation of Nrf2 in the liver resulted in 
reduction of liver lipid levels (25). Nrf2-KO mice fed 
a short-term (4 weeks) HFD had higher expression levels 
of lipogenic and cholesterologenic transcription factors 
and their target genes in the liver, as well as higher liver 
concentrations of free fatty acids; this high-fat regimen 
repressed Nrf2 expression and activity in wild-type (WT) 
mice (26). In addition, activation of Nrf2 by the synthetic 
triterpenoid CDDO-hn (2-Cyano-3,12-dioxooleana-l,9-dien-28- 
imidazolide) prevented HFD-induced obesity in WT mice (23). 
On the other hand, Nrf2-KO mice had impaired adipogenesis 
caused by a role of Nrf2 as a cell-autonomous regulator of 
adipocyte differentiation; thus, Nrf2-KO mice had decreased 
adipose tissue mass with smaller adipocytes and were 
found to be protected against HFD-induced obesity (27). 

Given the role of Nrf2 as a regulator of lipid homeosta- 
sis, its pharmacological manipulation might be beneficial 
in treating metabolic disorders such as dyslipidemia and 
obesity. Indeed, the activation of Nrf2 by the synthetic 
triterpenoid CDDO-Ln in WT mice prevented the increase of 
adipose tissue mass, body weight, and serum triglyceride 
levels, as well as the fatty liver caused by an HFD; this 
protection against obesity was abolished in Nrf2-KO ani- 
mals (23). Moreover, statins have been shown to activate 
Nrf2 in cell culture as well as in vivo (28,29), which may 
account for some of their antioxidant effects (30). It is im- 
portant to elucidate further the mechanisms by which Nrf2 
regulates metabolism and to identify the metabolic control 
systems with which it interacts. The current study in- 
vestigated the role of Nrf2 during a long-term (180 days) 
HFD and identified Nrf2 as a novel regulator of FGF21 
during HFD-induced obesity. 

RESEARCH DESIGN AND METHODS 

Mice. C57BL6 J Nrf2 +/ ~ mice, originally developed by Prof. M. Yamamoto (31), 
were obtained from RIKEN BRC (Tsukuba, Japan). WT and Nrf2-KO mice 
were generated by mating Nrf2 +/ ~ male and female mice; the offspring were 
genotyped as previously described (31). Male WT and Nrf2-KO mice (9-10 
weeks old) were fed a standard diet (SD) (10 kcal % fat) or an HFD (60 kcal % 
fat; Research Diets, New Brunswick, NJ) for 180 days. Mice were housed in 
the animal facility of the University of Patras Medical School in temperature-, 
light- and humidity-controlled rooms with a 12-h light/dark cycle. All animal 
procedures were approved by the institutional review board of the University 
of Patras Medical School and were in accordance with European Commission 
Directive 86/609/EEC. 

Evaluation of insulin sensitivity. Blood glucose was measured using 
a Precision Xceed glucose meter (Abbott, Chicago, IL) in blood collected from 
the tail of the mouse. To assess glucose tolerance, a single dose of D-glucose 
(100 mg/mL in water, 10 mL/kg) was injected intraperitoneally after 18 h 
fasting with free access to water. To assess insulin tolerance, a single dose of 
Actrapid regular insulin (Novo Nordisk, Copenhagen, Denmark) (0.75 units/kg) 
was injected intraperitoneally after 4 h fasting with free access to water. 
Measurements of hormones and metabolites. Plasma was collected using 
heparin as an anticoagulant and was centrifuged at 2,000# for 20 min at 4°C. 
Plasma measurements were conducted following the manufacturer's in- 
struction for each assay. Enzyme-linked immunosorbent assays were used for 
plasma leptin (ALPCO, Salem, NH), insulin (ALPCO), and FGF21 (R&D Sys- 
tems, Minneapolis, MN). Nonesterified fatty acids (NEFAs) were measured 
using the NEFA C kit (Wako Chemicals, Osaka, Japan), and p-hydroxybutyrate 
was measured using the p-hydroxybutyrate (ketone body) assay kit (Cayman 



Chemical, Ann Arbor, MI). Glucose, cholesterol, HDL cholesterol, and tri- 
glycerides were measured using an Olympus AU640 analyzer (Hamburg, 
Germany). 

Cell culture studies. The (-1497+5) promoter FGF21-Luc plasmid was a gift 
from Prof. S. Kliewer (UT Southwestern Medical Center) (32). The mouse Nrf2 
cDNA was amplified by PCR with the primers 5'-CCG-CTC-GAG-ATG-ATG- 
GAC-TTG-GAG-TTG-CC-3 ' and 5'-CGG-GGT-ACC-CTA-GTT-TTT-CTT-TGT- 
ATC-TGG-CTT-CTT-3 ' using mouse liver cDNA as the template and was 
cloned into the XhoVKpnl sites of pcDNA 3.1 Hygro(-) (Invitrogen, Carlsbad, 
CA). A dominant-negative mutant of Nrf2 (DN-Nrf2) lacking the transcription 
activation domain was generated by PCR as previously described (33) and 
cloned into the pcDNA 3.1 Hygro(-). ST-2 cells, a mouse cell line derived from 
bone marrow stroma that expresses both functional Nrf2 (28,30) and FGF21 
(present work) (DSMZ, German Collection of Microorganisms and Cell Cul- 
tures), were grown in RPMI supplemented with 10% FBS and antibiotics 
(streptomycin/penicillin) in a humidified 5% C0 2 atmosphere. Using lipofect- 
amine (Invitrogen) according to the manufacturer's instructions, ST-2 cells 
were transiently transfected with pcDNA 3.1 Hygro(-)-mNrf2 or empty pcDNA 
3.1 Hygro(-), (-1497+5) promoter FGF21-Luc, and pCMV-(3-galactosidase 
(Clontech, Mountain View, CA) for monitoring transfection efficiency. After 48 
h, the cells were analyzed for luciferase activity using the Promega (Madison, 
WI) luciferase assay system with reporter lysis buffer according to the man- 
ufacturer's instructions; luciferase activities were normalized to respective 
p-galactosidase activities. 

Quantification of gene expression levels. Liver and WAT were submerged 
immediately after collection in RNA later solution (Ambion, Foster City, CA). 
Total RNA was isolated using the TRIzol reagent (Invitrogen) and further 
purified using the RNeasy mini-kit (Qiagen, Hilden, Germany). A DNAse 
(TurboDNAse; Ambion) digestion step was included to prevent genomic DNA 
contamination. cDNA was synthesized using the Superscript first-strand syn- 
thesis system (Invitrogen), and real-time PCRs were performed in triplicate on 
a Step One Plus instrument (Applied Biosystems, Foster City, CA) using 
TaqMan Gene Expression assays on demand (Applied Biosystems): FGF21, 
Mm00840165_gl; PGC-la, Mm00447183_ml; PEPCK, Mm00440636; PPARa, 
Mm00440939_ml; GAPDH, 4352339E. Relative mRNA levels were calculated 
by the comparative threshold cycle method using GAPDH (glyceraldehyde-3- 
phosphate dehydrogenase) as the housekeeping gene. Relative Nrf2 mRNA 
expression levels were determined by SYBR Green (Applied Biosystems) RT- 
PCR and calculated by the relative standard curve method using TATA-binding 
protein (TBP) as the housekeeping gene with previously described primers (34). 
Statistical analysis. In cell culture studies, three different experiments were 
performed on three different days. In each experiment, at least three wells were 
used and averaged together. In animal studies, eight mice were used in each 
study group. Data were expressed as the mean ± SEM. Student t test or one- 
way ANOVA followed by Tukey test were performed using GraphPad Prism 5 
(GraphPad Software, La Jolla, CA). P < 0.05 was considered significant. 

RESULTS 

Nrf2 deficiency has a long-term protective effect 
against HFD-induced obesity. Nrf2-KO and WT mice 
were fed an SD (10 kcal % fat) or an HFD (60 kcal % fat) for 
180 days. The initial weight of Nrf2-KO mice was not sig- 
nificantly different from WT mice, and no difference in 
weight was observed between Nrf2-KO and WT mice over 
time on the SD (Fig. L4). On the HFD, both genotypes 
gained weight initially at about the same rate. However, 
the Nrf2-KO mice plateaued at a lower weight; the differ- 
ence in weight between the two genotypes became sta- 
tistically significant at 90 days (Fig. L4). The difference in 
weight gained was not due to a difference in food con- 
sumption, which was similar between Nrf2-KO and WT 
mice (Fig. IE). 

Nrf2 deficiency preserves insulin sensitivity during 
long-term HFD. Insulin sensitivity can be indicated by 
increased glucose tolerance and/or reduced insulin toler- 
ance, as assessed by an intraperitoneal glucose tolerance 
test and intraperitoneal insulin tolerance test, respectively. 
Baseline insulin sensitivity was similar between Nrf2-KO 
and WT mice (Fig. 2A and B). After 30 days on an HFD, 
even before the divergence of their body weights, Nrf2-KO 
mice had lower basal glucose levels and were more glucose 
tolerant (Fig. 2(7), yet not more insulin sensitive (Fig. 2D) 
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FIG. 1. A: Nrf2-KO mice fed an HFD for 180 days gained less weight over time than WT mice. B: Cumulative food consumption is similar between 
Nrf2-KO and WT mice fed an HFD for 180 days. Data show means ± SEM. n = 8 f or each genotype. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
(WT HFD vs. Nrf2-KO HFD). 



than WT mice. After 180 days on the high-fat regimen, 
Nrf2-KO mice were more glucose tolerant (Fig. 2E) and 
more insulin sensitive (Fig. 2F) than WT mice. 
Nrf2 alters the metabolic profile after long-term HFD. 
Blood was collected from WT and Nrf2-KO mice after 180 
days on an HFD after an overnight fast. Nrf2-KO mice had 
lower basal glucose levels (P < 0.05), lower HDL choles- 
terol levels (P < 0.005), and higher triglycerides levels 
(P < 0.005) than their WT counterparts. Furthermore, 
Nrf2-KO mice had lower leptin levels (P < 0.05), consistent 
with their lower body weights. No difference in these 
plasma parameters was found between Nrf2-KO and WT 
mice on an SD (Table 1). 

Elevated FGF21 plasma levels in Nrf2-KO mice fed 
a long-term HFD. No difference in FGF21 levels between 
Nrf2-KO and WT mice were found when the mice were 
maintained on an SD (Table 1). Long-term HFD caused 
a significant increase in FGF21 plasma levels in WT mice, 
as expected from previous work (35); a significant in- 
crease was also observed in Nrf2-KO mice. Importantly, 
however, the HFD-induced plasma levels of FGF21 were 
significantly greater (more than twofold) in Nrf2-KO mice 
than in WT mice (P < 0.0001) (Table 1). 
Nrf2 deficiency increases expression of FGF21 in 
liver and WAT during long-term HFD. To identify the 
source of the increased FGF21 plasma levels in Nrf2-KO 
mice on an HFD, FGF21 mRNA expression levels were 
quantified in two major sources of circulating FGF21: the 
liver and WAT. No difference in the FGF21 mRNA ex- 
pression levels was observed in either tissue in mice on an 
SD (Fig. 3A and E). However, the mRNA expression level 



of FGF21 was significantly elevated in both the liver and 
WAT of Nrf2-KO mice on an HFD (Fig. 3A and E). 
Nrf2 deficiency increases the expression of FGF21- 
regulated genes after long-term HFD. Previous work 
has shown that FGF21 injection (12) or transgenic ex- 
pression (36) induces the expression of the metabolic genes 
PGC-la (peroxisome proliferator-activated receptor-7 co- 
activator 1-a) and PEPCK (phosphoenolpyruvate carboxy- 
kinase). PGC-la is a transcriptional coactivator essential for 
coordinating gluconeogenesis and fatty acid oxidation, and 
PEPCK is a key gluconeogenic enzyme that is downstream 
of PGC-la (37). Therefore, it was examined whether the 
increased mRNA expression and elevated plasma levels of 
FGF21 in Nrf2-KO mice were accompanied by increased 
PGC-la and/or PEPCK expression. No difference was ob- 
served in either gene's mRNA levels between the two geno- 
types under SD (Fig. 4). Under HFD, levels of PGC-la and 
PEPCK were significantly lower compared with SD (Fig. 4), 
consistent with previous work (38-42). Notably, Nrf2-KO 
mice on an HFD had significantly higher mRNA levels of 
PGC-la and PEPCK than WT mice in both the liver (P < 
0.001 and P < 0.05, respectively) (Fig. 44 and E) and WAT 
(P < 0.001 for both genes) (Fig. 4C and D). 
Nrf2 overexpression reduces FGF21 mRNA expres- 
sion levels and suppresses FGF21 promoter activity. 
To investigate the mechanism underlying the differential 
induction of FGF21 in Nrf2-KO and WT mice, the mRNA 
level of peroxisome proliferator-activated receptor 
(PPAR)-a was compared between the two genotypes, be- 
cause PPAR-a is known to be involved in the upregulation 
of FGF21 in mice during the response to starvation (32). 
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FIG. 2. Nrf2-KO mice on HFD are less insulin resistant than WT mice. Results from glucose and insulin tolerance tests in WT and Nrf2-KO mice fed 
an HFD are shown. Tests were performed at baseline (A, 1?) and after 30 (C andD) and 180 (E andF) days on an HFD. Data are means ± SEM. n = 8 
for each genotype. *P < 0.05, **P < 0.01, ***P < 0.001, §P < 0.01. IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperitoneal insulin 
tolerance test. 



However, no difference was found between the two geno- 
types in either the liver or the WAT (Fig. 5A). To inves- 
tigate whether Nrf2 might be directly involved in the 
differential induction of FGF21, the mRNA levels of Nrf2 
were quantified in WT mice on an HFD or SD for 180 days. 
The Nrf2 mRNA levels in HFD-fed mice were -50% higher 
in the liver (P < 0.01) and —14 times higher in the WAT 
(P < 0.0001) compared with the SD-fed mice (Fig. 5£). 
Thus, the compromised induction of FGF21 observed in 
WT mice compared with Nrf2-KO mice correlated with an 
induction of Nrf2; this result suggested that Nrf2 induction 
might repress FGF21. To test this hypothesis, the ST-2 cells 
were used, because they express both functional Nrf2 
(28,30) and FGF21 mRNA (Fig. 6A). Nrf2 was overex- 
pressed in ST-2 cells, and FGF21 mRNA levels were mea- 
sured using quantitative RT-PCR. Nrf2 overexpression led 
to an -40% decrease in FGF21 mRNA levels (P < 0.001) 



(Fig. 6A). To examine the possible involvement of Nrf2 in 
the repression of the FGF21 promoter, ST-2 cells were 
transiently transfected with an FGF21 promoter lucif erase 
reporter plasmid along with WT Nrf2 or dominant-negative 
Nrf2 (DN-Nrf2). Consistent with the repression of FGF21 
mRNA (Fig. 6A), the overexpression of WT Nrf2 lead to a 
corresponding decrease (-40%, P < 0.001) in FGF21 pro- 
moter activity (Fig. 61?). On the other hand, overexpression 
of DN-Nrf2 had no effect on FGF21 promoter activity (Fig. 
6B). These results indicate that Nrf2 can inhibit FGF21 
expression by repressing its cognate promoter. 



DISCUSSION 

The current study investigated the role of Nrf2 in a mouse 
model of obesity induced by long-term (180 days) HFD. 
Lack of Nrf2 was found to partly protect male mice of 
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TABLE 1 

Plasma metabolic parameters of WT and Nrf2-K0 mice fed an SD or HFD for 180 days 



SD HFD 





WT 




Nrf2-KO 


WT 


Nrf2-KO 


Glucose (mg/dL) 


90 ± 


7.2 


88 ± 7.7 


185.2 ± 12.3 


143 ± 13.5* 


Cholesterol (mg/dL) 


91.2 ± 


8.4 


89 ± 8.8 


206.6 ± 17.2 


162.9 ± 22.82 


HDL cholesterol (mg/dL) 


71.3 ± 


5.7 


68.7 ± 5.9 


154.2 ± 7.9 


107.1 ± 15.8t 


Triglycerides (mg/dL) 


59.3 ± 


6.8 


71.3 ± 7.9 


81.4 ± 10.05 


119.3 ± 6.2t 


Insulin (ng/mL) 


0.9 ± 


0.12 


0.7 ± 0.18 


1.5 ± 0.16 


0.9 ± 0.3 


Leptin (pg/mL) 


4,128 ± 


418 


3,896 ± 402 


24,830 ± 2,310.4 


17,770 ± 1,620.1* 


Free fatty acid (mmol/L) 


NA 




NA 


0.331 ± 0.02 


0.336 ± 0.04 


(3-Hydroxybutyrate (mmol/L) 


NA 




NA 


1.439 ± 0.14 


1.483 ± 0.14 


FGF21 (pg/mL) 


492 ± 


50 


488 ± 61 


4,472 ± 626.4 


9,518 ± 817.8$ 



Data are means ± SEM. n = 8. Mice were fast overnight before plasma collection. NA, not available. *P < 0.05. fP < 0.005. tP < 0.0001 (WT vs. 
Nrf2-KO). 



a C57BL6 J background against obesity. Consistent with 
this finding, a protective role of Nrf2 was recently shown 
in two shorter-term (90 days) studies of HFD-induced 
obesity, one of which used female C57BL6J mice (23); the 
other used male mice of a mixed C57BL6;129SV back- 
ground (27). Taken together, these observations suggest 
that deletion of Nrf2 is a protective factor against HFD- 
induced obesity independent of the animals' sex and genetic 
background; this protection is sustained over several months 
on an obesogenic diet. 

It is noteworthy that, on the HFD regimen, the Nrf2-KO 
mice initially gained weight at about the same rate as WT 
mice and later reached a plateau, while the WT mice con- 
tinued to gain weight. Given that food consumption was 
not found to differ between the two genotypes, a plausible 
hypothesis for the difference in weight gain is that Nrf2-KO 



mice have increased energy expenditure. Increased loco- 
motor activity or increased fat excretion cannot be ex- 
cluded but are highly improbable because an independent 
study did not find such differences in mice on an HFD for 3 
months (27). Nrf2-KO mice are known to have increased 
levels of oxidative stress in their tissues (43); this could 
stimulate mitochondrial biogenesis (44) and activate un- 
coupling proteins in mitochondria leading to thermo- 
genesis (45). The increased mitochondrial activity in tissues 
such as white and brown adipose tissue and muscle could 
be responsible for the increased energy expenditure and 
consequently for the lower weights of Nrf2-KO mice. Fur- 
ther research is needed to investigate these metabolic 
parameters in Nrf2-KO mice under an HFD. 

Obesity is associated with impaired glucose tolerance 
and reduced insulin sensitivity. Consistent with their lower 




WT,SD Nrf2-K0,SD WT, HFD Nrf2-KO, HFD 



FIG. 3. FGF21 mRNA levels are elevated in the liver 04) and WAT CB) of Nrf2-KO mice fed an HFD for 180 days. FGF21 mRNA levels were 
measured by quantitative RT-PCR in liver and WAT from WT and Nrf2-KO mice (n = 8 for each genotype) fed an SD or HFD. The RT-PCR was 
performed in triplicate wells for each sample. Bars show means ± SEM. *P < 0.001. 
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weights, Nrf2-K0 mice were more glucose tolerant and 
more insulin sensitive than WT mice after 180 days on an 
HFD. Interestingly, Nrf2-KO mice were more glucose tol- 
erant than WT mice, even before their weights diverged 
significantly (30 days). This finding (which, to the best of 
our knowledge, has not been described before) indicates 
that the improved glucose tolerance of Nrf2-KO mice is not 
wholly attributable to their leaner body habitus. Notably, 
there was no difference in glucose tolerance or insulin 
sensitivity between the genotypes before the initiation of 
HFD. Another study reported that Nrf2-KO mice have im- 
paired glucose tolerance at baseline (46). Although the 
reason(s) for this discrepancy is not known, in the current 
study, no differences in glucose tolerance were seen be- 
tween the two genotypes, even after 180 days on an SD 
(data not shown). The present results suggest that the lack 
of Nrf2 leads to a more insulin-sensitive phenotype under 
HFD. 

Previous work has attributed the protection of Nrf2-KO 
mice against obesity to impaired adipogenesis, acknowl- 
edging, however, that additional mechanisms are probably 
involved (27). To identify such novel mechanisms, the 
metabolic profiles of Nrf2-KO and WT animals were com- 
pared. Significant difference was observed in the plasma 
levels of FGF21, a recently discovered hormone that has 
been implicated in metabolic control. FGF21 improves 



glucose tolerance and leads to weight loss in obese mice 
(10). It was proposed that obesity is a state of FGF21 re- 
sistance, in which plasma FGF21 levels are elevated and 
administration of exogenous FGF21 has attenuated signaling 
effects in obese mice compared with lean (35). Accordingly, 
lower levels of circulating FGF21 were anticipated in the 
leaner Nrf2-KO mice compared with the more obese WT 
mice after an HFD. Unexpectedly, however, while plasma 
FGF21 levels were increased in both genotypes by the 
obesogenic diet as expected (35), they were significantly 
higher in the Nrf2-KO mice. 

Consistent with the increased plasma levels of FGF21 in 
Nrf2-KO mice on an HFD, significantly higher FGF21 
mRNA expression levels were found in the liver and WAT 
compared with WT mice. In accordance with these find- 
ings, it was recently shown that a diet deficient in methi- 
onine and choline (a model of fatty liver) induced higher 
FGF21 mRNA expression in the liver of Nrf2-KO mice 
compared with WT mice (47). Thus, Nrf2 may exert 
a negative effect on FGF21 that is important in various 
pathological states. The increased FGF21 mRNA and 
plasma levels observed in the Nrf2-KO mice were accom- 
panied by increased mRNA expression of specific genes 
that have been previously suggested to be regulated by 
FGF21 (12). Under an SD, there was no difference be- 
tween the two genotypes in the mRNA levels of PGC-la, 
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FIG. 4. mRNA levels of FGF21 -regulated genes are elevated in liver and WAT of Nrf2-KO mice fed an HFD for 180 days. PGC-la and PEPCK mRNA 
levels were measured by quantitative RT-PCR in liver (A and 2?) and WAT (C and Z>) from WT and Nrf2-KO mice (ji = 8 for each genotype) fed an 
HFD or an SD. The RT-PCR was performed in triplicate wells for each sample. Bars show means ± SEM. *P < 0.05, **P < 0.001. 
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a transcriptional coactivator involved in energy metabo- 
lism, and PEPCK, a PGC-1 a -regulated rate-limiting en- 
zyme in gluconeogenesis (37) in either liver or WAT. After 
HFD feeding, both PGC-la and PEPCK mRNA levels were 
downregulated in both genotypes (Fig. 4), in accordance 
with previous studies (38-42). The significantly higher 
FGF21 levels in Nrf2-KO mice could at least partially ac- 
count for the smaller decrease of PEPCK and PGC-la 
levels in Nrf2-KO mice after HFD feeding. Given that Nrf2- 
KO mice on HFD weigh less and are more insulin sensitive 
than WT mice, and because insulin is a negative regulator 
of PEPCK mRNA (48), one might predict PEPCK mRNA 
levels to be decreased in Nrf2-KO mice compared with WT 
mice on an HFD. However, the regulation of PEPCK mRNA 
levels is likely complex, with insulin and FGF21 exerting 
effects in opposite directions. Similar to the present find- 
ings, transgenic mice with liver-specific overexpression of 
FGF21 have also been found to have increased insulin 
sensitivity and elevated liver PEPCK mRNA levels (11,36). 

In WT mice fed an HFD for 180 days, Nrf2 mRNA is 
induced in both liver and WAT. Another study also using 
C57BL6 J mice showed similar findings after 90 days on an 
HFD (49). It should be noted that Nrf2 mRNA levels were 
reported to be reduced after 30 days on an HFD (26); this 
discrepancy may be due to the snorter duration of HFD 
feeding. After a long-term HFD, the induction of Nrf2 may 
partially explain the lower FGF21 levels of WT mice com- 
pared with Nrf2-KO mice. It is also noteworthy that the 
increase of FGF2 1 mRNA levels in Nrf2-KO mice is more 
pronounced in the WAT than in the liver. This might be 



explained by the fact that HFD induces Nrf2 mRNA 10-fold 
more in the WAT than in the liver (Fig. 51?). Thus, the effect 
of withdrawing the Nrf2-mediated repression on FGF21 
should be more prominent in the WAT. 

The notion that Nrf2 represses FGF21 mRNA expression 
was further tested in transiently transfected ST-2 cells, a cell 
line of mouse bone marrow stroma origin (50) that ex- 
presses both functional Nrf2 and FGF21. Importantly, the 
overexpression of Nrf2 significantly lowered the mRNA 
expression levels of FGF21; moreover, Nrf2 suppressed the 
activity of a FGF21 promoter reporter. These findings in- 
dicate that Nrf2 can repress FGF21 mRNA expression in a 
cell-autonomous manner (i.e., without requiring interac- 
tions of different tissues, endocrine mediators, neuronal 
effects, or other indirect mechanisms). The finding that 
overexpression of DN-Nrf2 has no effect on FGF21 pro- 
moter reporter activity is not due to technical reasons, 
since a sufficient level of DN-Nrf2 expression was ob- 
tained (see the Supplementary Data). The lack of effect of 
DN-Nrf2 on FGF21 promoter reporter activity could reflect 
weak repression of FGF21 by Nrf2 under basal conditions. 
Work is in progress to investigate whether endogenous Nrf2 
directly affects FGF21 expression by binding to specific 
antioxidant response element sequences that are present 
on the native FGF21 promoter; four such potential binding 
sites were identified by bioinformatics analyses (data not 
shown). 

On the basis of the present findings, we propose the fol- 
lowing model regarding the relationship between Nrf2 and 
FGF21 during prolonged HFD (Fig. 7). In WT mice, FGF21 
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as well as Nrf2 are induced after HFD. The increased Nrf2 
expression after HFD leads to a partial repression of FGF2 1 
expression, which accounts for the attenuated increase 
in FGF21 levels in WT mice. On the other hand, the ab- 
sence of Nrf2-mediated FGF21 repression in Nrf2-KO 
mice permits a larger increase in FGF21 levels after HFD. 
We suggest that this phenomenon is at least in part re- 
sponsible for the altered metabolic phenotype of the Nrf2 
knockout mice. 

In conclusion, the current study identified Nrf2 as a novel 
regulator of FGF21 gene expression and circulating FGF21 
levels in response to an obesogenic diet. Increased FGF21 
is a potential mediator of the protection of Nrf2-KO mice 



against obesity and insulin resistance induced by long-term 
HFD. The crosstalk between Nrf2 and FGF21 may be im- 
portant under stress conditions such as HFD-induced obe- 
sity, and the underlying mechanisms of FGF21 regulation by 
Nrf2 warrant further elucidation. Because FGF21 is a po- 
tential new target, identifying the factors that regulate its 
expression may be important in understanding the de- 
velopment of obesity and the metabolic syndrome. 
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